An analysis of the exposure calibration coefficients for ionization chambers used for dose determination in orthovoltage radiotherapy and in brachytherapy in the Polish SSDL was performed.
Introduction
Over a long period of time in many radiotherapy centres in Poland the orthovoltage radiotherapy has been used for radical and palliative treatment of tumours. According to recent regulations of the Ministry of Health, the orthovoltage radiotherapy has to be limited to palliative treatments exclusively [1] . The orthovoltage radiotherapy is the therapy with X-ray beams generated by therapeutic X-ray tubes operated at a voltage of over 100 kV, characterized by half value layers (HVL) in the range 0.5-4.0 mm Cu [2] . At present (2009), only two radiotherapy centres in Poland are performing such therapy (Table 1 ). In Europe, on the contrary, the orthovoltage therapy is undergoing a certain renaissance as a very effective and relatively cheap method of relieving pain caused by tumours.
The dosimeters for orthovoltage therapy are calibrated at the similar values of voltage as those used in radiotherapy, for several HVL values, smaller and higher as those used for treatment. The accuracy of HVL determination should be very high. It applies to the geometry of the measurement, to monitoring of radiation intensity, and to chemical purity of the metals used for filters.
The experience acquired by the Polish Secondary Standard Dosimetry Laboratory (SSDL) during the calibration of dosimeters for orthovoltage therapy was applied for the calibration of dosimeters used in brachytherapy.
The brachytherapy with the afterloading of radiation sources is presently used to irradiate about 20% of patients undergoing radiotherapy in Poland. In Poland, in 22 radiotherapy centres about 40 afterloading units are installed (Table 1) , including 21 high dose rate (HDR) units, 4 pulsed dose rate (PDR) units, and 15 low/medium dose rate (LDR/MDR) units. All units are from renowned European manufacturers, but about 50% of them are already 10 years old. Since 2006 the number of brachytherapy centres and the number of brachytherapy units have not increased [3] .
On the other hand, the proportion of HDR units have increased, the new HDR units replacing the older LDR/MDR units. In HDR units, Ir-192 sources of the initial activity of the order of 370 GBq (10 Ci) are used, and in the PDR units the Ir-192 sources of the activity of the order of 37 GBq (1 Ci) are employed. In the LDR/MDR units Cs-137 sources are used, having activity of the order of 1.5 GBq (40 mCi).
The dose rate in HDR units is comparable with dose rate in teletherapy machines and therefore it has to be accurately determined because the treatment times are short, of the order of minutes. The dose rate in LDR/MDR units is much lower, of the 2-3 orders of magnitude, and treatment times are anywhere between ten and twenty hours. The treatment time of the PDR unit is of the order of minutes, applied to the patients several times.
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In brachytherapy treatment planning, the basic value is Reference Air Kerma Rate -RAKR, measured in reference conditions. The radiation sources are initially calibrated by manufacturers and the results, stated as activity or RAKR, are given in the certificates provided together with the sources. However, in modern brachytherapy the required accuracy of dose determination is often higher than the uncertainty of the calibration given by the manufacturer (usually > ±5%). According to the regulations of the Minister of Health the activity of the source has to be checked before it might be used for treatment [1] . For the purpose of treatment planning the RAKR value has to be established. By using kerma rate instead of activity one may avoid errors introduced by the uncertainty of the ionization constant. Application in the treatment planning system of an ionization constant value different to that used for the calibration of the source may lead to significant errors.
There exist several methods to determine the RAKR: a) measurements in air, b) measurements in either water or solid phantom, c) measurements with a well chamber [4, 5, 6] . In each case the user has to have a dosimeter with a valid calibration certificate containing the exposure calibration coefficients. The SSDL determines these coefficients by calibrating the chambers in the X-ray beam of 235 kV or 290 kV and HVL of 2.5 mmCu or 4 mmCu respectively, and also in the Co-60 gamma beam. The data on the energies and corresponding HVLs of Ir-192, Cs-137 and Co-60 [7, 8] are given in Table 2 . On this basis, the user determines by interpolation the calibration coefficient for the radioisotope used [5, 6, 9] and calculates the RAKR, using appropriate correction factors. 
Purpose
The purpose of this study is an analysis of calibration coefficients for ionization chambers used for dose determination in orthovoltage radiotherapy and in brachytherapy which were calibrated at the Polish SSDL in order to increase the quality of calibration procedures.
Material
The material for this study was: a) exposure calibration coefficients for ionization chambers calibrated at the SSDL over the years for the purpose of orthovoltage radiotherapy; b) exposure calibration coefficients for ionization chambers calibrated at the SSDL over the years for the purpose of brachytherapy.
Equipment
The equipment used for calibration is installed in Roentgen X-ray laboratory ( Figure 
Results
In Figures 3, 4 and 5, the characteristics of various types of chambers used in orthovoltage radiotherapy and in brachytherapy are presented. These are examples of the chambers energy dependence in the range of HVL values from 0.1 mmCu (voltage 100kV) to about 14.4 mmCu (Co-60 radiation energy) [8] . All energy dependence curves for particular chamber types were similar.
In the upper part of Figure 3 , energy dependence curves for a plastic. chamber type NE 2581 No. 373 are presented. These chambers are characterized by significantly increased sensitivity in the soft par of the X-ray energy spectrum. In the lower part of Figure 3 , energy dependence curves for graphite chamber type NE 2571 No. 948 are Analysis of the calibration results… 21 presented. Both chambers came from the same radiotherapy centre and were calibrated 4 times over a period of 10 years.
In the upper part of Figure 4 , a shift of energy dependence for the chamber NE 2581
No. 295, which was damaged and repaired, is illustrated. In the lower part of Figure 4 All chambers, with the exception of those damaged and repaired, had a good long-term reproducibility of the calibration results.
In Figure Table 3 the calibration coefficients N X(g) , in three radiation quality ranges, X-ray and Co-60, were gathered and analyzed. The user could use these data for interpolation of calibration factors needed for calculation of RAKR. An analysis of these calibration factors may be useful in taking a decision whether in case of radioisotopes used in brachytherapy one should rely on a single calibration factor for Co-60, or weather one should interpolate between calibration factors for several HVL values established in an X-ray beam.
In the case of the chambers from Nuclear Enterprises (NE), commonly used in Poland in previous years the N X factors were determined for HVL values and voltages in the range: a) 2.5-3 mmCu and 235-250 kV, and b) 3.3-4 mmCu and 250-290 kV. In the case of the chambers from PTW, commonly used in Poland presently, the SSDL set up calibration conditions to: a) 2.5 mmCu and 235 kV, and b) 4 mmCu and 290 kV. In Table On the basis of the data summarized in Table 3 and on the energy dependence curves determined over the wide range of the HVL values, it is possible to conclude that in the case of all chambers calibrated at the Polish SSDL, the exposure calibration factors, over the HVL range from 2.5 mmCu (at 235 kV) to 14.4 mm Cu (Co-60)
converge on approximately one single value, with a slight decreasing tendency in case of NE chambers, and equally slight increase tendency in case of PTW chambers, all of them below 1% for both types of chambers.
Conclusions
1. In the case of calibration of the chambers for orthovoltage radiotherapy the energy dependence has to be established for the full range beam qualities characterized by the HVL values and voltage range used in a particular radiotherapy centre. 2. In the case of calibration of the chambers, listed in Table 3, for brahytherapy with Cs-137 and Ir-192 sources, establishing of the exposure calibration factor for Co-60 is sufficient. 3. The error of establishing exposure calibration factors for Cs-137 and Ir-192 on the basis of the Co-60 calibration factor is within the inaccuracy of the calibration methodology adopted. 4. On the basis of the calibration results obtained over a long period of time, the reproducibility of the results proves adopted calibration methodology is good and stable.
